Preindustrial changes in the Asian summer monsoon climate from the 1700s to the 1850s were estimated with an atmospheric general circulation model (AGCM) using historical global land cover/use change data reconstructed for the last 300 years. Extended cultivation resulted in a decrease in monsoon rainfall over the Indian subcontinent and southeastern China and an associated weakening of the Asian summer monsoon circulation. The precipitation decrease in India was marked and was consistent with the observational changes derived from examining the Himalayan ice cores for the concurrent period. Between the 1700s and the 1850s, the anthropogenic increases in greenhouse gases and aerosols were still minor; also, no long-term trends in natural climate variations, such as those caused by the ocean, solar activity, or volcanoes, were reported. Thus, we propose that the land cover/ use change was the major source of disturbances to the climate during that period. This report will set forward quantitative examination of the actual impacts of land cover/use changes on Asian monsoons, relative to the impact of greenhouse gases and aerosols, viewed in the context of global warming on the interannual, decadal, and centennial time scales.
atmospheric water balance ͉ climate change ͉ historical land-cover change ͉ monsoon rainfall I n general, a monsoon is generated from a thermal contrast between land and ocean. Thus, the land's surface condition is an important factor in determining its climate. Monsoon Asia, where Ͼ50% of the world population is concentrated, has experienced large land cover/use changes due to agricultural development, particularly during the 18th and 19th centuries. In India and China between 1700 and 1850, extension of cultivation and habitation activities decreased the percentage of forested area from 40-50% to 5-10% of the entire territories between 1700 and 1850 (1) .
Changing the land cover/use from forest to croplands can affect the global and regional climate through changes in the energy and water balance at the earth's surface (2, 3) . Among the various effects of vegetation change, 2 factors have been shown to have a major influence on the energy and water balance: (i) an increase in surface albedo leading to a reduction in solar energy absorption at the surface and (ii) a decrease in surface roughness, resulting in low-level wind speed intensification. As a consequence, the partitioning of turbulent heat fluxes into its sensible and latent heat fluxes would subsequently affect the planetary boundary layer and deep cumulus convection and, hence, the large-scale atmospheric phenomena (3) . Previous modeling studies that investigated the impact of those effects used either a model of intermediate complexity with historical land cover changes (4, 5) or a general circulation model with a simplified setup in which the indigenous forests were totally and uniformly replaced by cultivated land. These latter studies have shown how different vegetation distributions affect the global surface energy-water balance (6, 7) or the atmospheric circulation (8, 9) . In the Asian tropical region, the effect of reduced roughness on the summer climate was stronger than the effect of increased albedo on a simplified setup (10) . Yet, a detailed examination or discussion of these distinct effects due to the historical changes has been insufficient.
Here, we examine the actual impacts of land cover/use changes using a global historical vegetation map reconstructed for the last 300 years (1, 11) . In the first half of the period, from 1700 to 1850, intensive cultivation activities continually occurred over the Indian subcontinent and over eastern China in Asia (shaded areas in Fig. 1 ). Croplands in India have continued to increase since the 17th century (1) when the British East India Company embarked on the colonial management in the Mughal Empire. Croplands expanded explosively in China in the 1700s (1) in response to the introduction of new crops (e.g., corn, sweet potato, peanut) and to the rapid increase in population under the favorable economic policies of the Qing Dynasty.
We considered that the difference between the climatic realizations of the 2 periods, in the 1700s and in the 1850s, might represent the long-term changes that occurred in those 150 years, and we examined the impacts of the reconstructed historical land cover/use changes between those 2 periods. Consequently, we conducted 2 time-slice numerical experiments for the periods represented by 1700 and 1850, using the historical vegetation maps of 1700 and 1850 (1, 11) [see supporting information (SI) Fig. S1 ] as the lower boundary conditions for an atmospheric general circulation model (AGCM) (12) , considering the changes in physical and physiological parameters of vegetation. Both equilibrium experiments were repeatedly forced by identical climatological annual cycles of the present-day monthly distributions of sea surface temperature (SST) and sea ice. The averaged states of summer (June, July, and August) were computed for the equilibrated results. These were compared for examining the impact of the land cover/use changes on the Asian summer monsoons between the 2 periods.
Results
Changes in Wind Field and Surface Energy-Water Balance Between 1700 and 1850. In the western Indian subcontinent and in southeastern China, the summer monsoonal wind blows from the ocean to the land in the lower troposphere (streamlines in Fig.  1 ). Because winds usually decelerate over land because of the large surface roughness, atmospheric moisture convergence and, hence, precipitation are large in those regions. Most of the agricultural cultivation during 1700-1850 occurred on forest (see SI Text and Fig. S1 ), causing the surface roughness to decrease because of the reductions in vegetation height and leaf amount [specified as leaf area index (LAI)]. As a result, the surface wind speed increased (colors in Fig. 2A ). This effect reached the lower troposphere as seen in the changes in 850-hPa wind field (arrows in Fig. 2 A, see also SI Text and Fig. S2 ), which resulted in a reduction in the moisture convergence and the precipitation in the western Indian subcontinent (hereafter the IND region) and in southeastern China (hereafter the SCH region) (Fig. 2B ). The reduction in precipitation reduced the surface soil moisture and, hence, the local evaporation and moist convection, creating a positive feedback to further precipitation reduction.
A vegetation change from forest to cropland resulted in an increase in the surface albedo (colors in Fig. 2C ) due to the decrease in LAI and the increase in leaf reflectivity. However, effects of the increase in surface albedo were overshadowed by a decrease in clouds in the IND and SCH regions associated with the significant decrease in precipitation. As a result, net shortwave radiation (i.e., absorbed at the surface) was increased, and the decrease in soil moisture was further enhanced in those regions (contours in Fig. 2C ). On the other hand, net short-wave radiation was decreased in the middle of eastern China (hereafter the ECH region) because of the increase in surface albedo. The decrease in net short-wave radiation caused a decrease in surface temperature but only in part of the ECH region where surface soil moisture was not decreased (see SI Text and Fig. S3 ). These decreases would have less effect on precipitation change.
Changes in Atmospheric Water Balance. Our results suggest that the atmospheric water balance in those regions reflects whether surface roughness reduction and albedo increase had a major role in the summer climate change. In the IND and SCH regions, the ratio of moisture convergence to the source of precipitation was high (Table 1) . In those regions, the moisture convergence changed considerably due to a combined effect of the decreased surface roughness and the decreased soil moisture. However, in the ECH region, dependence on the moisture convergence was low, and precipitation changed little (Table 1) . Thus, the albedo effect, in terms of reducing net short-wave radiation (contours in Fig. 2C ), was more apparent in this area. The changes in precipitable water for the June-August mean were very small and negligible in each region and each time period (less than a few millimeters⅐month Ϫ1 ). As a result of the overall changes in precipitation and atmospheric heating induced by agricultural development particularly in south and southeast Asia, the Tibetan anticyclone in the upper troposphere weakened in 1850 (Fig. 3) The weakening of the Asian summer monsoon by cultivation was also interpreted by using a regional climate model (13). The North Pacific high weakened in 1850 (see Fig. S4 ), which was associated with the weakened Tibetan anticyclone (14) . This weakening of the North Pacific high resulted in the slight increases in moisture convergence and precipitation in the ECH region, in contrast to the decreases in those in the IND and SCH regions.
Discussion
Between the 1700s and the 1850s, the major anthropogenic disturbance to the climate in Asian Monsoon region was caused by cultivation. There were no marked trends in the concentrations of greenhouse gases and aerosols between the 1700s and the 1850s (15) . Natural disturbances such as sea surface tem- peratures, solar activity, and volcanic eruptions could have caused climate change, but there are no reports of remarkable trends or substantial changes in these factors that are comparable to the changes in land cover/use. The solar constant, according to the reconstructed variation for 1713-1996 (16), had a clear decadal solar cycle, but there was no apparent trend from 1713 to 1850. A few major volcano eruptions occurred during that period (e.g., in 1783, 1809, 1815, and 1883) (17, 18) . However, the effect of an individual eruption could have lasted no more than a decade, so no significant impact on the 1700s or 1850s climate was expected. These findings suggest that the simulated differences in the Asian monsoon climate between 1700 and 1850 reflect the results of land cover/use changes during that period.
We compared our results to the available estimates of preindustrial climate derived from proxy data and/or historical records. The monsoonal precipitation in the western Indian subcontinent was negatively correlated to the annual snow accumulation at Dasuopu in the central Himalayas, according to a glacier ice-core analysis for the past 300 years (19) . This analysis revealed that the monsoon precipitation in the region decreased by Ϸ20% (i.e., Ϸ200 mm) from the 1700s to the 1850s (see Fig. S5 ). Another glacier ice-core analysis at Qomolangma (Mount Everest, Himaraya), spanning 1534-2001, revealed a decrease in annual precipitation from the 1700s to the 1850s that was significantly correlated with the all-India precipitation (20) . These results are qualitatively and quantitatively consistent with our simulated result. This high level of agreement might be related to the ''hot spots,'' one of which is located in India, where the impact of the lower boundary conditions (e.g., soil moisture) on precipitation has been shown to be very high (21) .
Using historical vegetation maps, we found that the actual land cover/use change had a significant impact on the energy and water budget and on the atmospheric circulation in summer Asian monsoon regions. The simulated changes in precipitation in the Indian subcontinent agreed well with the reconstructed climate estimates for 1700-1850, when the only significant agent for the long-term trend that we identified was land cover/use change. In contemporary times, changes in land cover/land use need to combine with increases in greenhouse gases and aerosols to impact the Asian monsoon climate.
Methods
Model Description. We used an AGCM that was the atmospheric component of a global climate model, Model for Interdisciplinary Research on Climate (MIROC) version 3.2 (12), with a land surface scheme, Minimal Advanced Treatments of Surface Interaction and Runoff (MATSIRO) (22) . Land cover/use was categorized into 11 vegetation types (see Fig. S1 ). The vegetation parameters (canopy top/bottom height, leaf reflectance/transmissivity, leaf turbulent exchange coefficients, and photosynthetic parameters) were determined for each vegetation type and were prescribed at each grid point according to the assigned vegetation type. We specified the monthly LAI at each grid point; these values were derived from a satellite observation independent of the vegetation distribution. Surface albedo and surface roughness were estimated from the above parameters, by using a single-layer canopy scheme on the basis of a multilayer canopy model (23, 24) . Stomatal resistance for transpiration was estimated with a simple photosynthetic scheme (25) . Energy and water balances at leaf and ground surfaces were determined by all of the above factors and processes, including snow, runoff, ground thermal and hydrological processes, and canopy water balance.
The AGCM used a 2-stream k-distribution method for radiation, a prognostic Arakawa-Schubert cumulus scheme, a prognostic cloud water scheme for large-scale condensation, a turbulence closure scheme with cloud effects, and an orographic gravity wave drag scheme. The primitive equations on a sphere using a spectral transform method were used for the dynamical part, for prognosticating the wind velocity, temperature, surface pressure, and mixing ratio of water vapor and cloud liquid water. See ref. 12 for the details.
Experimental Settings. The numerical experiments were conducted by using the AGCM with 20 vertical levels and a horizontal resolution of spectral triangular 42 (T42, i.e., Ϸ2.8°, Ϸ300 km). The historical vegetation distribution was prescribed for each 50-year integration, represented by the years 1700 and 1850 (see Fig. S1 ). The vegetation map (11) was produced by superimposing the historical croplands ratio (1) onto the present day (i.e., in 1992) land cover map (U.S. Geological Survey Global Land Cover Characterization, Version 1.2, 2003, http://edc2.usgs.gov/glcc/glcc.php). For any grid point where the cropland ratio was smaller than the threshold value (11), the potential vegetation (1) was assigned.
A climatological annual cycle of LAI distribution was produced for the historical vegetation map (11) , by superimposing the monthly LAI for potential vegetation onto the present-day monthly mean LAI map averaged from 1983 to 1995 in International Satellite Land Surface Climatology Project Initiative 2 (ISLSCP-II) dataset (26) . The monthly LAI for potential vegetation was estimated by averaging the present-day LAI for the same vegetation type at the same 5°latitude band for each month (11) .
Similar to the LAI, climatological annual cycles of SST and sea ice distributions, derived from the observed monthly mean averaged from 1981 to 2000 (27) was prescribed throughout the integrations in this study.
Identical initial conditions for the atmosphere and land were used for both integrations; these resulted from an equilibrated integration with the present-day land use condition. Because the vegetation distribution and the annual cycles of LAI, SST, and sea ice are all fixed, the interannual variability, after reaching an equilibrated state, is solely induced by the internal variability of the atmosphere-land system. Thus, the differences between the aver- Moisture convergence, evapotranspiration, and precipitation in the western Indian subcontinent (72-80°E, 17-25°N), southeastern China (105-115°E, 20 -27°N ) and the middle of eastern China (105-120°E, 27-37°N) . Fig. 3 . June-August mean changes in the 200-hPa wind field (streamlines) and geopotential height (colors, in meters) between 1700 and 1850. Thick gray lines represent those in which the differences are statistically significant at the 95% confidence level.
ages of the 2 experiments, calculated from the equilibrated 40 years of the 50-year integrations, showed that the signal resulted from the land cover/use change and did not reflect the initial conditions. The statistical significance of any difference between the 2 experiments was examined by t test, with the interannual variability as the measure of the noise. The values in the summer season (July to August) were use in the analysis, which is when the Asian monsoon activity is at its highest. 
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SI Text
Global maps of vegetation in 1700 and 1850 are shown in Fig.  S1 . The red areas indicate cultivated areas. Most of the cultivated land was originally forest, except for a few grid points (e.g., on the western edges of the cultivated area in eastern China). These areas had originally been grassland, and because vegetation height and LAI are similar for grasslands and croplands, the surface wind speed did not change at those points. The surface albedo was slightly decreased by Ͻ0.01 due to the larger LAI for croplands than for grasslands. However, the albedo decrease had no discernible effects because its area and magnitude were small. Large area was also cultivated intensively in Western Europe during 1700-1850. This land use/cover change may have an impact in the winter, but is generally insignificant in the summer.
We display the increase in surface wind speed that reached the lower troposphere by the longitude-height cross-sections of changes in the horizontal winds, in addition to the changes in 850-hPa wind vectors (Fig. 2 A) . The cross-section at 20°N shows that the westerly wind increased from 75°E to 85°E, which corresponds to the western Indian subcontinent (the IND region; Fig. S2 a, shown by rightward vectors). The cross-section at 30°N shows that the southerly wind increased from 100°E to 120°E; this corresponds to southeastern China (SCH region; Fig. S2b , shown by upward vectors).
The effects of the reduction in clouds in the IND and SCH regions are clearly indicated by the increase in downward short-wave radiation (Fig. S3a ). This corresponds with the regions where there was an increase in the net short-wave radiation absorbed at the surface (contours in Fig. 2C ). Therefore, the increase in net short-wave radiation was induced by the increase in downward short-wave radiation, and hence the reduction in clouds, that is associated with a decrease in precipitation. In those regions, the surface soil moisture decreased, latent heat flux decreased, sensible heat flux increased, and air temperature at 2-m height increased (Fig. S3 b-e) .
The effects of the increase in surface albedo appeared as a decrease in net short-wave radiation in ECH (Fig. 2C) , occurring without a considerable decrease in downward short-wave radiation (Fig. S3a) . In addition, outgoing long-wave radiation increased (Fig. S3f) , as a result of the increase in the upward terrestrial radiation due to the surface temperature increase (Fig. S3g) and as a result of the decrease in downward long-wave radiation due to the moisture decrease near the surface (Fig.  S3h ). Summing those effects shows that the net radiation absorbed at the surface was decreased. A reduction in net radiation could result in a surface temperature decrease, but this effect appeared only at Ϸ30°N, 110-120°E, and was Ϸ0.5-1°C (Fig.  S3e) . At this location, surface soil moisture was not decreased (Fig. S3b) . 
